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Abstract. Inodcling  of ttIc (31’S satellite yaw a([i(udc ~s a
kcy elcmcat ill high-precision geophysical applica(ioas.
‘1’his  fact is illustra[cd  IICIC as a new mock] for tl]c CiI’S
salcllilc  yaw atti[udc is ialroduccd.  ‘1’bc mock]  colls[i[utcs  a
sigllifical]t  impmvcnm)t  ovcx tk prcvious]y ai’aildble
model ill [ems of cfficictlcy, ftcxibility  ml poI Mt)ilily.
‘1 ‘hc IN()(1c1 is dcscrihxt  i a detail and implc]aclltat  io[l issues,
iacluding  (I}c pmpcr cstia]ation  stmtcgy, arc aMIcxwd.  ‘Ihc
pccformanm  of (hc new IImdcl  is analymd  aIId aII CIKM
budget is prcsctl(cd.  1 ‘illall  y, the illl~)lc]l)c])t:tti<)]t  of (lIC
yaw bias oa lhc (i] ‘S satellites is rwicwcd fI (M a its
iaccp[ioa ull[il  i[ IMCl ICd a s t e a d y  s[a(c ia h[owlnt,cl,
l$)gy.

lnlroduclion

\
C)U Jonc 6, 1994, tbc 11~ Air lFOICC inlplcmc[l(c(l  a yaw
bias on most <;1’S  Mtcllitcs. By January 1995  tlw
ilt~~)lci~~clltatiol)  W8S cxk3Kicd m al l  tbc satcllilcs  CX.CCIX
S VN 10. ‘1’IIC yaw bias was ilnplcmcatc(i  ill order to fix a
problcm  wi(l) the :L[li(lldc  cotltrol subsystem (ha( pj CVUItMl
Ihc yaw a([i tudc of the satcl  Iitc from bci[lg,  proiwrly
mxlcled duriag rxlipsc  seasons (Har-Sever et al. 1990). ‘1’hc
y a w  a t  ti[udc of a biasrxl G]% satclli  te (tu[-illg  cclipsc
seasons is markedly different from tbc yaw at[im(lc  of a
non-eclipsing satellite, or from that of aa u[ibiaw41
satellite. ‘J’bc yaw atlitudc of tbc G1)S satellite lt:is  a
profouad  effect oa prccisc  geophysical applicalioas,
Mislnodcliag  the satclli(c  a[titudc can cause dccilnc[o  -Icvcl
raagc  crtws. It was necessary, thcrcforc,  to (Irvc]op a
special atti[udc  Iaodcl  for biased GPS salcllitcs.

‘1’hc firsl  atlitudc ]]mdcl w r i t t e n  f o r  (Im biasd
ccms(cliatioa  was made freely available to the [;1’S
communily in the fmn  of a collection of l;O1<”l  ‘I<AN
routines (llar-Sever 1994). in addition to the yaw bias
effects, the “11001)  maneuver” (Lsm definition below) wfis
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modrlcd  properly for the first tiitic. l;or simplicity we will
refc.r to tl)is Inodcl thloui:liout  t}lis paper as ~TYM94 (for
“f31’S  }’aw at[itudc hlcdcl -  9 4 ” ) .  ~TYM94  w a s
implcrnc])tcd  ill dlc J(L I’topulsion  J laboratory ’s (J}’1,)
GJJ’SY Softw’are  {Zu]tlbclge ct al. 199S) and, in various
fontls,  ill other l]igtt-r>l~(:isio[l  geodetic software packages.
‘Ihc JJI(XIC1  w a s  succ~’ssfully  mu] it] J1’J ,’s rouliac
]mccssi]l:  of daily (;1’S o] bits  aJ)d  grouad s t a t i o n s
coordi]la[<s  for the IIttcrlla[imlal  (+l)S Scrvicc  (l(iS), but it
] mvcd to bC Cllllltfil  SOJIIC t o  iJllI)]CJIICIl(  al]d VCI-y
dCJIMldi Jl~ ill COJl)pUtC’r  ICSOLIJWS, IlaJTIC]y, IJICJllOly  WI
(1’(J tim[.

la this papcl-  wc dcso ibc a ncw JIKXICI  for  tl]c GPS
sa[clli[c.  yaw at~itudc,  Icfclred to a s  (; YM95. I t  i s
coasidcral]ly  ]Ilorc ct’ficicll[  than GYM94  and its relative
si!nplicity  allows for c:Isy i]]l[]lcr]lc]ltatioll.  We start by
J’cvicufill$:  the basic Jllob]cln  of dc(crllliJlillg  ttlc yaw
allitudc of [;[’S  Satcllifcs.  Wc sLJpply  motivation by
prcsc]]tittp  nc}v  c,vidCaCL’  for lhc ialportancc  of proper yaw
IImdcliag  in son [C gco~ll! ysical applications. Wc then
dcscribc  tllc IWW Inodcl ill dc[ail,  followed by an cmr
analysis. 1 ‘inally,  tbc Witc of the (;1’S constellation with
rcs~~ct to (Iw yaw bias is dcscribcd  and i[s
dle  lJS21gC of fllC y[lw lllOdC]  arc, discussed.

lhwk~rwund

i]nplications  oa

‘J ‘hc a[lalysis  that lc41 to the illlplcnlcntation  of the yaw
bias o[I (;1’S satcliilcs  is dc.scritwt  by Ilar-Sever et al.
(1996), A gcimal  dcso iption  of the first yaw at(itudc
]l~odrl c;m also bc found llwrc. 1 ~or co]nplctemcss,  wc give
lam a bricl  SLJI)IJI):IIY.

‘1’hc Jl(JmiJml  yaw attitude of a G1’S satellite is
dctcr(niac~l by satisfyi[l~  two constmints.  1 ~irst, that the
uaviga[ioa antcaJlac poitl[ toward the gcocmtcr  aad sccmd,
that the JIOI  IJ]al to the sotaf away surface will bc nointin~
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at the Sun. ‘1’0 lnccl  these two conditicms  (hc sa[clli[c  Ivls
[0 yaw Constalilly.  ‘1’hc yaw atliludc alSori[hln  dL’.\c7ihd
above is singular a~ two points - the i[llcrsccliolls  (JI Ulc
orbit  with the ltar(h - Sun line. At Lhcse  poill[s  ttw yaw
atlilu(tc  is not siaglc-valuc(t  as any yaw allg]c allows
optimal view of the SUII. in ihc vicinity of Umsc singular
points the yaw mtc of the sprrcccraft,  requimt m txxp Wrck
of the Sunt  is unbounded, ‘1’his singrr]al  it y prot )lct 11 waf
largely ignorc(t  J~rior  to Itlc release of (iYM94. Wllilc  this
mismodcling  problem could be easily lixcd d]rollf,h  tlw
illlplctllcll[a[i{J[l  of a fini(c limit ou the spacccral’[  yaw raw,
a bigger  problem exiskxl  thrr[ could  only bc :wklItswd lJY
changitlg  lhc Altitude  (!on[rol  Subsys[crn (A(:S) oll boml
the Spacccrafl.  ‘1’hc A(X {ictcrmirrcs  the yaw at[ihldc  of the,
satellite by using a pair of solar sensors moumd 011 ll)c
solar panels. As lmg as (hc Sun is visible, Ulc sig[ml tlo]n
the solar sensors is a t! LIC rcprcscntalioo  of the yaw mu.
1 ~uring sha(iow,  in the absefucc of sunlight, U lc oulpu[
from the sensors is csscnlially  zero arid the A(:S if drivci~
in au open loop mode, by the noise ill ttm systcnl.  II turns
out that cvcu a smal I amount of noise car] bc cImu@] [o
Irig.gcr a yaw nmcuvcr  at maximum ra[c. ‘1 ‘b allow
modelirrg  of lhc yaw at[ilucic of a G1’S sa(cllitcs,  tlw A(;S
had to bc biased by a SJMII but fixed anmm[. Iliasirlg  the
A(X means  Ula( the Sun sensor’s  sig]lal  is suj~qmcd
with another signal (tlw bias)  cqrrivalcllt  (o arl olmrvcd
yaw error of 0.5° (IIIC smallest bias allowed by IIIV A(.:S).
As a result, during periods wheii the Sut) is otmt vcd, the
satellite y~w a[(iludc will bc aborr( 0.5° il~ cilor wittl
rcspccl  to the nominal oricn(atioli  . IX]ring st m(im’,  tllis
bias  dorniualcs  tllc opcr) loop noise  ml will yaw (I)c
sa[clli[c at full ra(c in liIc dircclion of tile bias. IJpml
shadow exit, [Ilc yaw attitude  of the salcllitc.  car be
calcula[cd  and the SUII  recovery n]ancuvc[ C<UI  rrlS(Il  ix;
modeled. ‘1’hc yaw maneuvers cxccolexi  by UIC sIx Icmiili

from shadow cmtry Lmlil nominat alti[u(ic  is mull  d :uc
trmncd  collcctivcl  y “Uw ]nicinight  marlcLlvcr”. A sol lwwll:it
similar maneuver is taking, place near the olhcr sitl~ukrrily
of Ulc nominal yaw a[litudc  ]noctel,  at the point u’lmrc [Ilc
satellite is closest to the Sua, ‘l’his maneuver is kmic(i
“the ncm Inal}cuvcr”.

GYM94 was used opcralionail  y ill J P] )s I(iS pmmssirlg
from Scpkmbcr 1994 to April 1995, It propel]  y lmctlwl
bodr the michriglrt  maneuver and IiIC noon ]r Ianwver  by
accounting for the yaw bias as well as (hc limit 01) tlic yaw
rate, ‘llrc  mmicl  coIIlpulcd  the satellite yaw arlglc [Ilroup,h
numerical integration of a control law, requiring  a striali
step size for slabiiity.  1 w output was a large file m~tai oir Ig

the yaw auimdc  history aid, optionally, parliai  (ic.rivativcs
of the yaw at[iludc  wilir mspcd  to the yaw ram palmetcr.
‘Ibis  file coukt  later bc interpolated to rctricvc  a yaw aIIglc
at the requcslcd  time, ‘J’l]is  process required relatively large.

amounts of Co]npu(cl  - tric]mry  an(i (~l)lJ time. III addition,
the II Iodcl’s  c(mplcx  control law - a simulation of the orl-
hoarli  a[[ikrdc  cicterlni[m(ion  algolirhm,  did not allow much
physical insip,ht  into  [i]c problcln,  ‘1’o ovcrcomc  aii these
dcllcieacics  UIC GYM9S IImdcl  was crcatcd.  [IYM95  is arl
analytical model, irl cxnl[rast to the numerical nahme of
GYM94. It is silrlplc  cImugh to bc dcscribcd  by a small SC1
of  forunulas, ailowin~  easy illll~lc111c11t2ttio11  in diffcrcut
comprrtirlg  cuvironmcllli.  It allows  qrrcrics a t  art~ifrary
[imc poir]ls  wi(h grt’at savings in compu[er  resources.
linallyj  i[ allows more t’lcxibility  in tLlning and adapting it
to the cll:m~,irlg  collcii~iolls 01 ltlc ~z1’S comtcllalion.

‘1’he  cf[ccts  of (;1’S  satellite yaw att i tude on
precise geophysical apl]lications

Botil  tile carrier })llasc  altd pscudormgc  arc scmitivc  to
CiPS  satclliir  yaw. IIotil  arc afi’ec(ed  by changes in the
posilim of ti~c tt armtlli  t anlcma phase center. lJmodclcct
varia[irr]ls  iri phase cclllcl JJositiotl (iuc to yaw cau cause LIp

to 10 cl n ill mt lgc ei ror ill both the carrier-phase aIK!
pscudoriu  Igc obsrxvablcs (Ilar-Sever et ai. 1996). In
a(idilion,  errors ill ]Ilodcli[lg  the phase wird-up can lead to
dezirnctcl-level range. cl J ors (Wu ct ai. 1993). “1’hc wind-up
clror cal mls ou[ wit II double diffcrcncing  but is present
othcjwisu.  ‘1’hc aclual effect of this ranging error on
geophysical applicatio]ls  dcprmds on the quarrtity  being
cstirlla(e~i  allci oll ttlc cslilna[ion  stralcgy.  Since y a w
modeliny,  error is ratlwi  lit ni[cd in time, its effects also
ctcpe[ids  on tile Ilumiwr  of eclipsing satcliitcs  and how
oftc]l  they arc bcir~g obsm’cd  during shadow crossing.

II was ahwrdy  cs[ablished  that using a proper yaw
altituclc Jnodcl (citllc] (iYM94  or (iYM95) carr improve the
aCClll”aC~  of tile (il’S oj bi[s arid station positions when
thcw alc being so]vcd si!nultancous]  y (llar-Sever et al.
1996; ]{ar-Scvc] 1995). II) this section WC explore thC
effcm of yaw at[i[Ll(ic  cmrs on ti~c tc~hniqrre  of precise
~)oillt-~>ositiorlitlg,”  wllicll  uses prcdctermimd  GPS orbits
arid clocks  to SOIVC for in(iividual  s t a t i on  pos i t i on
(iiu[nhcrgc atld  llcrti~tr  1995). Since thcm is no doublc-
diflcrencin~  in this  process, the wind-up error compoLlnds
with the pt last  cmtcr  cn or. ‘1’his  techtriquc  in rou[irlcly
used at Jl)l. to cs[il]la[c  tile position of stations in a
gtol)ally-dis[riblltc(l  SUIJ-SC1  of the IGS network.  ‘Ihc
cstitna[iol)  shatcgy  use< (+1’S data over thirly hours al fivc-
minulc illlcrvals 10 fix the station position.
Sitriultalleously}  ‘Ihc station clock is also solved as a
white rloisc process al Id d Ie total zcailh  tmposphcrc  delay
is solvc(i as a rardol]  1 walk process.
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‘] ‘O  &xIK)IIstr’:t(c,  (tIC J)oSsib]C  C1l’ol  s  [t 1;1(  J  CSII][ flO1li

mismodcling ~Tl)S s.a(cllilc  yaw, the t’ollowillp,  Cxpcrillwn[
was Wrlonncd.  ‘1’wcn[y-cighl  globally  -diskit}l][c[i  .Wttio[ls
were poi]l[  positioned over Lhc paiod .lunc 10 - Ju[lc ?0,
1995, duiiag which cif:bt  satclli[cs  were ia cclipsc  ‘[’his
cxpcrilncn  t was rcpcmd three  t imes .  1 ‘irsl  wi III tlIC fui]

yaw aUi(udc model aIId the Cstiinatcd yaw rak.x, dICII with
the yaw attiktdc  model but with no]ninal  yaWI Mcs aIId,
finally, wilbout the yaw atli lude model, ‘I’l Ic  11011 filial yaw
rates were on average  10% ill error, coIIIIIarcd [0 tlic
estimated yaw rates. 1 ‘or some sa[cllites,  thou~hi I hcy were
25% ill error.  ‘1’lIcsc  WCI c Lhc bcsl  a-priori values available
at the time. Some s(al ions  never obscmcl  aIIy sate] Ii [c
during its eclipse. ml, consecILJenlly, art’ u[laffcclcd  by ttw
choim of yaw mode]. 1 kwccd to bc colwtat  It OVCI IIIC
Wimation  pcrio(t,  sta(ion posilicm  is 110[  vcl-y  sc[lsi(ivc  [0
the wlativcly  small a[nounl of data fro]u nlidnigll(-
manmvcril)g  salcllitcs,  (;omcqucndy,  with lltis Cs(iiim(iml
strategy, statiolt  position  is usually afi’cctcxl lit[lc  by tltc
choice of the yaw mock]. Ncvcr[he]css,  some, s(ations can
bC afkmcd at a Sig[lificali[  ]CVC1. ‘J’J]is  fac[ is (]cI1,(  ~,ls[l~[~d
ill ‘1’able 1 where wc cm nparc lhe quality of (Jw pc~si[io]~
cstimalcs  for the three s(a(ions  I hat arc most  a lTecIcd t)y t IIC
choim of the yaw mockl.

(Jsiag nomiaal  yaw talcs was just  as cffccli)’e  as usi]lf:
cs(imatcd  yaw rates for all Ihc slalions cxccpl IX) f<’1’. ‘1’bis
iS probably a con.scqu~llcc  Of lhc ]XW(iCllklr  CC]i]JSlll~
sa(cllikx  Obwrvc(l by 101<’1” aad the aalou[lt of cl 10I ill
their nomitlal yaw rates.

Naturally, cstima(cd  quau[ities  that arc allowed to wu y
ill tinlc arc more scllsitivc  to [he yaw aaimdc c)f the
sa(clli[cs.  Onc such quantity  is lhc. total mnitt  I b opwy)lm c
delay (’l”Z,IJ).  ‘1’his  quall[i(y  has rcomtly  cIIm@  as ali
impormt  by-prcrdLlcl  of GPS positioning, wittl
applic.aliens in c]ima(olog  y and weather p1c41ictio[] (1 Icvis
et al, 1994). ‘1’0 bc useful in these applications tttc  ‘lZI )
has 10 meet stritlgcrlt  accuracy rcquircmctlts  of bc[lci Illau  J
cm. Assumi[lg  now that tlic ‘lw/,l J csti]nates  obtairlcd  witt[
lhc full yaw model arc “truth”, and subtrac.tio~, tlicsr
estimates from estimates obtained without the yaw tnodcl,
there arc many ca.scs  wlwrc dlc differences sigl~ifictill[ly
excccd 1 tin. 1 ‘igure  1 dcpicls  two examples: fo[ 1 ‘01<’1
and BllM~J. ‘1”/,1 ) values for IIRMIJ  (aflcr  subt]  acti rIfl tt Ic

nwan), cslilnalcd  w’illmut  IIIC yaw ]nodcl,  are also prcscntcxi
in 1 ~i~:urc I ill omku [() dcmoi)smle that the peaks in the
mor i )gulc art’ iridml  awocimd widl anomalous features
itl [Iw csti]tmtcd  v a l u e ,  Notice  t h a t  a l t h o u g h  IIRMIJ’s

posjti(m was hatdly  cfttr(ed by  the  choice  o f  the  yaw
model, its ‘1 ‘Z,l ) cstiil  wtcs ill the ab.sencc of a proper yaw
mock]  arc ulw.-ccptatiy cnomous.  All the, peaks in I;igurc
1 corlcspood to cpoc])s of observing an eclipsing satellite
dufing  its yaw maneuicr.

Fig. 1. I[fl’ct (s of oaliltill: [11< (il~ yaw nlodel 0 1 1  cstIIIIales  of tmd

tj opcMIIhcre  ?~]li!ll delay (1”/1 )) for FC)KI’ and 13 RMLJ.  k:,stiIIIaws o f

‘l’XI) with tt! full yaw IImdcl  (wIdI estillmted yaw rale.s) rtre considered

(rulh. ‘l”oII: ‘1 7,1)  er[o[s for ] “01<’1”, Middle: ‘1’Z[) er,o~s  for EtRM(J.
IIot(o]ll estilllated ‘1-4[  ) fcv I{llhf LJ afler  a t]wan of 2.6 rtl was [ake.n out

a n d  wllr’]1 (;1’s ytiw It, r)del v::,! 110( used, ‘Ihe s n o w s  irldicate  tile

ancn[la  lous f< atu[<s of tllc cs(itllates that corlcs[}ortd  to the peaks  in tbc

ntiddie f{gurv.

“1’able 1. Repeatability ( in ntillinleters)  in sL8tion [msition over elrvcIt  days ;+s a fnactic,[l c,f tllc c]loice Of Ci[]S ya%,

]]lodtl.  ‘llIe repeatability is nitasurcd as slanda~cl  devial(ol, ia the tadial, lol~},, ittde and Iati(u(lc. COIIIIOIICIIIS  of the.

stalion posi[ioll,  Statimls were [mirlt-[x]si~ic,[lccl u:i!t~, tlte J[’1 1(; S scdil(ioll< f o r  satt-lli[cs  a]ld clock.~. “1’hc fornial

er[or  ia ttw es(i[[latwl  31)  pmition is about 5 ni(t).

. . ..—.— -— ------ .- - ----- ------— ..— ________ - . . _____
No Yaw Mode] Yaw Model With Yaw Nfodcl  With

Nominal Yaw Ra(cs— . I{s(itnaks Yaw l&ms— . - - — . — — — .  -,- -- -. - -  —-— . . -  —..— ________  .  .  .  . . _
1.X1 1011 lat 1 M Ion lal rd 1 1o11 M

1;01<’1’ 18 16 4 1 “/ 13 5 14 13 6
KOIJR 23 7 7 14 7 7 15 g 6
llARV 15 .‘i 4 11 .s . . . . . . . . ...4 11 . . . . . . . . . ---- . ..—— . . . .- .
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llsing  non)iual  yaw l-a(cs inslcrrd  of es[inlalc(l  yaw ra(cs
in the yaw mock] rcsullc(l  in ‘l”/f> errors Iha( wcic atxm( a
third as large as when no yaw mrxtcl  was used.

‘1’he  new ynw  a t t i t u d e  model (GYM9S)

overview

‘1’hc yaw a~litudc of rr ~il)$i sa[cllilc  can be divided i]]to  four
regimes: nominal a([i(udc,  shadow crossins,  pos(-  slm(low
maneuver - and ]ioon  nmcuvcr. Mml of the tiaw (ml for’
non-eclipsing salcllitcs  all the lime) the sa(cllilc  is in llm
nominal altimlc  rc~imc. ‘1 ‘t~c POs(-sha[low  nmcavcr
begins immediately afm emerging from the 1 iardl’s sha[low
and lasts un(il  lhc satcllilc  has regained it nolnillal  at(ihtdc.
‘1’his  phase can last from zero to 40 lninu(cs.  ‘1 ‘Itc I loon
maneuver ctocs not OCCLN”  until the beta ang]c S(XS ‘below
aboul  5“ and can last bclwccn zero and 40 lnillu(,es.  A
typicai orbit  gcomclry  during eclipse season is dcjlictcd  ili
l;igurc 2.

We shall starl  by defining some imporualt  lcIIIns  wKl
(lIcn dc.scribe the yaw alli[uctc during c.acl I of the four
regimes inclading  (Iw governing formulas. 1 ‘Inal iy, wc
shall dcscritw how 10 tic all the regimes togcllm  ill(o onc
functional model and analyi,c any builkin  m ors.

IIejini[ions

orbit midnight: ‘1’hc poinl on the orl~it  fardm( froln  tlic
sun.

ort)il  noon: ‘1’hc  poin(  on (lie cwbi( closest  m l}~c Sun,
orbi t  normil:  (Jnit  vector  along Ihc dircciion of the

s22(clli(c’s  angular  nlomcntum, trcatin.g (Ilc sawllilc  as a
poill(-nms.  ( =- ])osi(ion  x vcloci(y wlm c IIic 01 dcr of
the cross  product is impcrrlant)

sun vcc(or: ‘1 ‘Ilc unit vccmr ill (hc directioli  f[ on] the 1 tanl L
(0 the sun.

beta angle: ‘1’hc acute. angle  bctwccn  the Sun wxlor and the
orbit plane. It is dcflml as posilivc  i f tlw Sun vcc(or
forms an acute an~le with the orbil  rm~ ml awl nc~mivc
otherwise.

orhi(  all~glc: ‘J’hc a]l~lc forme~l hctwccn  the spacccraf(
posit 101) vcclor  and orbit midnight, growing wi(h Ihc
sale] Iitc’s  motion.

yaw oriy, in: A unit  vccmr d~at completes the spacecraft
posi(ion vecm m f[mn an orthogonal basis for (he
mbit plane ard is in the .gcnerat direction of the
spacecraft vclocit  y vector.

spacecraft-fixed 7< axi~: ‘1 ‘I)c dircctirm  of the GPS
llavi${alion  antenna:,

nol!tina  I sp:mcraf(-fixrd  X axis: A unit vector orthogonal
10 Illc Spacecraft-llxcd Z axis such that it lies in the
} iar(ll-sl,:icccraf(-Stj(i  plane and points in the general

direction of (tic Su[i, (Nole: this definition is l~ot sin.glc
va lued  wlm  III( 1 Mh, spacecraft and Sun am
collinca  ].)

spamv  afl-fixed X axis: A spacecraft-fixed vcc(or, ro(ating
wi(tl  ttlc Slmccclafl,  SUC])  [hat far enough from Orbil
no(m al~d orbil  IItidllight  it coincides with Lhc nonlina]

sj>:lL:ccjaf(-fixc(l  X axis. 1 ;Iscwhcre  it is a rofalion  of the
nol IIinal spaccmaf(-fixed X axis around the spacccraf(-
fixcd 7, axis.

n(millal  yaw ang,lc: ‘1’hc  angle bc(wcen the nominal
sp:mcrtifl-lixcd  X axis and [hc yaw-origin rfircction,
res(riclcd  to be ill [- 180,1 80]. It is Mined  10 have a
siyn  opposilc to liIal  of the beta angle.

yaw an,glc:  ‘J’hc angle betwecll the Spacctxafl-fixed X axis
al d the ymv-ol  if~,in direct ion,  rcs~rictcd  to bc in
[- 180,180]. Also (crmcd  “aclual yaw auglc’f.

1 tic difku clwc bc[wecn dlc actual yaw angle andyaw crroi:  r ‘
tltc  nmi~inat  yaw ai igle, rcstriclcd to bc in [-180,180].

]) lidllighl  llialmuvcl.  ‘1 ‘lie ymv maneuver the spacccraf(  is
ctmductillg  frorli  stmlow entry until  it resumes nominal
at li tudc sOnwtinlC  af(cr shadow exit

noon  mallcuvcr:  ‘I’M yaw maneuver the spacecraft cmducl.f
ill the vicirlity  of mbit noon when the nominal yaw
I H(e would bc hi~hcr than lbc yaw rate the spacecraft is
able (0 rnai IIlain. 1 t ends when the. spacecraft resumes
tlominal  alliladc.

spill  -upfdown tinle: ‘1 ‘Ilc t i mc it takes for d Ic. spacecraft to

spin up or (town m its maximal yaw rate. ‘Illc
spacecraft is sj>il]ning  down when it has to rcvcr.se its
yaw rate,

orbit normal

t
shadow exit

————+——  .,-Sun light ~
ht*

——. noon
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- ‘Ik orbit arIglc
- ‘]’hc beta allg,lc
- ‘1’hc lLafll-Spacecraft-Sull aaglc
- ‘J’hc yaw bias inserted in the satclli[c  A(1S
- ‘1’hc actual yaw angle induced by h
- ‘1’hc actual yaw auglc

- ‘1’he nominal yaw angle
- (;urrmt tinm, in seconds
- ‘1 ‘imc of shadow entry
- ‘1’imc of’ shadow exit
- Slart time of the noon ]nancu  vcr

- ‘]’hc spin-up/dowa  tialc
- Yaw angle  upon shadow entry
- Yaw angle  upon shadow exit
- ‘1’he maximal yaw rate of [he salcllilc
- ‘l’he maximal yaw rate rate (yaw .accflctmtioa ) of
Ihe satclli(c

Angle units, i.e., radians or dcgrccs, will bc ill]J>licd  by
coalcxt.  Radi:ins will bc usually used in I(mllulas  a[Kl
clcgrccs will be usually used in lhc Ic.xl.

} ‘OR’1’RAN  function nalnes arc usc4i  wlIcIIcvrI  possible
w i t h  tile ilnplirxf 11’(JJ<’I’J<AN  fuactioi~atity,  e . g . ,
A1’AN2(a,b)  is used to dclm~c arc-tailgc[lt(idt])  wilh the
usual 1 ‘01<’  l’l<AN sip,a convention.

I’M nomitlrll  Olli([dc rc~ittle

‘1 ‘JIc rcalizal  ion of the two rcquircmcats  fol t Ilc sat cllitc
orientation mcnlioacd  above, yields the fo]lowil IF, fw iaul:i
for the ao]ninal yaw allglc:

Y’ =. A’1’AN2(-lan  [;,silt  /1) + I)(b, /~, ,/1) (J)

where /] is tlIc beta allglc,  ,fl is the, orbil all~lc,  ]omurcd
from orbit midnight ill the direction of motion  aIId 11 is (Ilc
yaw bias (SCC below). It follows from [his ftmliola  [hat tfm
sigo of the yaw anf,lc,  is always oJJJ>ositc Illfi[ of th( beta
angle.

Ignoriag  the time variation of (he slowchxngiap,  beta
angle Jcads to the following formula for tiIc  yaw rale (there
a r c  SiJ1lp]C1  fOrllllJlaS  b u t  t h C y  colllaill  1 MN wablc
singulal-i(ics  which arc uadcsirablc  for conlj]utcx  COI.JCS):

ti’,l =. ~{ tan (f cos/i/(sin2  p + tanz p) + i](t), (J, II)
(?)

where ~1 val-ics  lilllc ia lime and cxm safely bc It:l}lacml  by
0.0083 dcgrecskxond.  Notic~ that the siSil of tllc nomilial
yaw rate is the same as the sign of the bcla aaglc irl [lie
vicinity of orbit midnight  ( p =Z O).

‘J’hc  singularity of these two formulas WhCJ)  /3 = O aJKl
p = O, 180 is geauiac  and cannot be rcn10vc41.

J .ikc ally mcdici!]e,  t}lc yaw bias has its side effects.
(hlLsidc t}lc slmdow  it iltkoduccs  yaw “errors” that  arc
act ually  larp,cr  t ha[ 0.5:. ‘1 ‘b full y understand this we have
to dcso ibc the A(X lmrdwarc, which is beyond  the SCOJ)C
of this paper. ‘1’hc u[i~icrlyiag  reason is that the, outJm of
W sol;  ir sctmr is pl o[)(mional  aot 10 tllc yaw error but to
iL$  sil)c,  awl  it is also  proportional to the Sine of the ~iarth-
SpacccLaft-Sutl  aIIglc, J;, IL mrl~s out that in order to offset
a bias of b dcg[ccs itlwrlcd  in the A(X, the sa(cllite  has to
aclually  yaw 11 dcgr~cs where 11 is given by:

ll(b, p, p) = Il(b,ll)  = sin-1(0.0175 b/sin 1;) (3)

wllcrc 0.0175 is a tlai~lwam-dc~[lclcl]t  JMoporlionalit  y
faL-tOr.  I?)[:  I kt-ltl-S]~:(cccrdft-Sl)ll angle, 1 i, the beta angle,
P a[d tlw olhit aag]c,  //, s a t i s f y  t h e  f o l l o w i n g

aJ>proxima(c  rclatio(lship:

C05 11 ~- Cos /; Cos /l (4)

w}tcre  1; is rcstlictcd  to [O”,l 80”]. l:ormuia  (3) becomes
siligul;  lr for 1; less IIm 0.5013”. ‘1’his has no effect oa the
actuztl  yaw became a small value of l; implies that the
spNH’Jafl  is iJ  I tllc  III idd]e of a midnight or Ilooll  maneuver
aid is Arcady yawillf,  at full rate. ‘1’hc achlal yaw bias, 11,
bccollm  significant (rely for moderately low values of the
IAIII  Spacecraft-Sull angle, 11. l;or cxamJic,  for li = 5“
which is tllc  typical L alm at the noou maneuver entry, the
aclual  yaw bias  is 11 ‘- 6“. ‘1’hc bias will, therefore, affect
tlc y:(w attiludc  (1UI illg tl)e IIoon  maneuver, but it will
have little cffc$c( oa t}lc Jnidftight  maneuver which begins
al 1; alvglcs of around  1 3“, for which 11 = 2“.

The bias mtc, i], is givcll by:

;\(b, /J,)/ ) =- -0.01 ”/5 h cos 1{ cosfi sin,l{  il/
(cos l) sin311) (5)

‘1’Iw A(:S t]ia~, b, can bc i0.5° or 0“. S t a r t i n g
Novclabct  1995 [tic l~ias is set 10 + 0.5” OJ) all satellites.
1 lcfol  c that, wilh fcw exceptions to be discussed below, the
bias was set to b = -Sl(iN(O.5, P) siacc  this sclcztion  was
f(mnd  tO expedite tilt Sun rccovcry  titllC  aftCr  shadow CXit.

7 he shmfow c1 o.!sitl,q rr?gittl<

As S( )on as the Sui 1 divapfwars from view, the yaw bias
aloJw is stccl;ll~  the satellite. On some  satellites the yaw
bias has a sign oilpositc  to that of the beta angle.  ‘1’o
“con czt” for (he bia+induccd  error such a satellite has to
rcve] se its yaw mc uJ>orl  shadow entry. }ior tllosc  satellites
w’iO~ bias of equal siSll  to that of the beta angle there is no
yaw Icvcrsal.  ‘Jhc bias is large enough to cause the satellite
to yaw at full late u(ltil  shadow exit Whclj,  finally, the bias
can  be compsrw~kxl, ‘1’hc yaw angle during shadow
CrOS\illg  dcpci ids,  t t lC.rCfOrC,  on lhrCC parameters: ‘1’1 lc yaw
an.glc UJIOJI shadow, cmtry, ‘J’i, the y~w rate upon sha(iow

.
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calry, Y’], aad [he maximal yaw rate, R. 1 cl t] IJL: (IIC lime
of shadow cn(ry, (C bc (hc Lirnc  of shadow cxi [, aitd let t bc
the currcnl  lime aad dclinc:

[1 = (SICiN(l<,b)  - ~’i)/S1(iN(l<l<,b) (6)

(o bc dm spin-up/dowl~  (imc. ‘J’lRH the’ yaw allglC  dulill~:
shadow crossing, q’, is given by:

Y’ G q’, + ~’i t] + 0.5 SICiN(l{l<,b)  t12 + Sl(iN(R,l))
(1-11-[]) (’m)

lJsillg  these formulas, the singularity plo(}lctn  of the
nominal a((iludc at IIlidllighl  is avoictcd.

‘1’hc  pm-shadow mamwvcr  is (he most  delicalc  I wl of tlw
yaw alti(Ldc model. ‘1’hc pos(-shadow  nlalwLlvci  dcjwuds
critically upoa the yaw auglc  at shadow cxil, ‘1 ‘he A(X is
dcsigl]cd to rcacquitv. (hc Sun in lhc fastcsi way possible,
LJpcm  shadow exit tllc A(:S has two ol)tiolls:  (ME is to
cmttinrrc  yawing at (he same ram until  the nolllil)al  alliludc
is resumed, or sm.ml, 10 rcvcrsc the yaw riltc af)d yaw al
ful l  ra(c until Ihc no]aiaal at(i[udc  is rcsulncd.  III this
model we assume that the dccisim  is b:i.wd  01 I llIc

difference bclwccn [hc amal yaw angle aid the lmlniaal
yaw angle upon  shadow cxi[ and wc CICIKNC  (I Iis  dift  LW’IICC
by l). If [c is (he shadow exit time  tlmn:

1>= Y1,(IC) - Y’ (iC) - NJ N’l’((Y’ll(tC)  - Y’(tC))/360)  ?K() (8)

and the yaw ralc duriti~ (I)c  pc)sl-shadow  llmml~cr  will k
Sl(;N(R~J).

Given the yaw all.gle upon shadow cx il, (t tc ya}+ Gile
UpOI)  shadow exit, SIGN(l<,b), ancl tl)c yaw Ia(c. d(mi[lg IIIC
post-shadow loaacuvcr,  we. can cxmpLIlc dIc ac(ual yaw
anglcf during the post-shadow maneuver by usil l.g f[wfnllla
(7) wi[h the appropriate subs[itu(ions.  ‘lllis  yields:

tl == (SIGN(RJ)) - Sl[iN(l<,l>))/SIGN(  l<l{,l)) (9)

9’ = q’(~) -t SIGN(l<,b) (t - Q -t 0.5 SI(;N(RR,l  1)
(t - IC)2 (lb)

for ( < tC + (I and

y’ = y’(@ + SIGN(R,b) tl + 0.5 SI(.;N(RR,l )) [l;! +
SIGN(R,I)) (t - (C, - t]) (1 ob)

fortl, >t>~+-tl.

(1, i~ Lllc cad lirilc of dlc post-shadow maneuver. ‘lhc
Pos[-dla(k)w  ]I”I:]IICIIVIX  ClIds WhCI)  t h e  achral  y:iw a([itU(fc,

dcrivc4i from forlnula  10, becomes ti]ual  10 the nominal
yaw altitude. III GYNf95 l,, is dctmnincd by an i(crativc
ploccss  that brackets IIIC  root of the equation V(t) = Y’I,(l),
whm the tin IC dclrIKlcacc  of V r,(t) is intrwtucccl  by
substitutirlg  # z /(,. + 0.0083 *(t-tC  ) ill formula 1. ‘l’his
cquali(m can be solved as soon as the satellite cmcrgw
from shadow. (htcc llm time of resuming nomiaal  yaw is
rcachcd wc swi(ch  back to that rc~imc.

‘J’llc ]JOM lnancuvcr  rl’gilnc starts  in the viciaity of orbit
mom whca the uotninal yaw M(C rcachcs i(s maximal
allowt’d  value and ctKK when (}}c aclua] yaw a~litude calchcs
Up wi[h OK nominal rcgir[lc.  };irst we have to identify the
s[arti[lg point and ttlis  call bc done by tindiag  the roo~,  tll,
of the equation q’],(t) = -SIGN(R,  P), where Y’I,(t) is the
Iwnlillal  yaw rm flolo formula 2. Aflcr the slarl of the
nom Inatlcuvcr lhc yaw wglc is govcrllc41  by forjllula (7),
a~,aiil,  will) lhc propel suhs(i(utioas.  This yields:

Y’ = ‘l’”([,l) - Slm(lt,  /;) (t - t,,) (11)

‘1’lIc erld time is ftmrlld  by the same procedure that is used
to find tltc end titnc of dm post-shadow maneuver.

Sa(cllitc l)osi[ioa  aIId vclocily,  as well as the timing of
sllad(lw Crossings arc rcquiwd inputs to GYM95.  ‘Ihc
IImdtt  is able (0 booLstrap, though, if tticsc  inpul values
arc uilavitilablc  fal cxiough  ir)to the JJast,  };or example, if
ttlc s:itcllitc.  is polc,rllially  in (he post-shadow regime  upon
fltst  query, tlIcrc is :1 need to know the shadow crmy time
so tfIat all (IIC ilqml~ to formulas (9) aad (10) arc known. If
this  sha[iow ciitry  time is lnissiug  from the itlpLrt,  the
I llodcl caa corl lpu[c i[ approxima~cly  as well as the shadow
exit tirnc.  (hlce till (Im tilnirlg  information is available,
yaw atIglc queries call bc made at arbilrary  time poiats.  ‘1’hc
lIlo(lL’1 will ctc[cl-o  Iillc tile relevant y~w rcgirnc and compute
[lie jaw aaglc  using  Utc coocc~ formula. Given the above
fonl  ,ulas  it is all easy mat[cr  to cotnpute  the pa r t i a l
dc.rii’ativcs  of [Ilc yaw aag]c wi(ll  rcspccl  (0 any parmnc(er
of (1 IC problcln,  O IC. most importaa(  of which is (1)c
max i mat yaw l-ate,  R.

Mo(Ic1 fide lit}~

‘1’lIc  fidclit  y of lhc model is a measure of how accurately it
dcscritm  the tm t wllavior of tllc satellite. ‘1 ‘his is hard to
mc:isLm  txcausc tllcrc is no high quality telemetry from
the satclli(c  and t~causc  the cstimatc(t  value of the maia
model paralncter, namely,  the yaw rate, dcpcmds on many
olhcr fac(ors  besides the attitude model itselfi  &rt&
cs(il  natiml  su a[cgy awl other’ models for the orhit and the

.-
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radicmmic Incasurcl)lcats. NevcI t.hclcss, SO1l)L’
ccm.scrvalivc  evalua(irxl  of (hc accumcy of ( i YM95 i s
possible, brtscd  m cxpcj-icuc~  accumulakd wittl tlIc usc 01
this model  and its prcdcccssor,  GYM94.

‘1’he nominal al{itudc regime is bclievctl  lo Im vL’ry
accurate. ‘1’hc only source of error is ll~ispoil~til[~,  0[ lhc
sa(cllitc  which is poorly understood and relatively mall (of
the order of 1” around the pilch, yaw and roll am).
~ompcnsations  for the dynamic  cffcc( of this CI for smmv
were discussed by Kuang N al. (1995) aid Iku[lcr C( al,
(1994) where il was trca(c.d, properly, wifhill  tlw mmxl of
the solar pl-essurc  model.

Modeling the midnif?,ht  maneuver accurmly  is diftkwlt.
lnhcrcml uncctlainlies  such as tlic cxac~ slIadcIw  eII(I-y aJKl
exit time arc pcrsistcat  error sources. lll.xcu  I aci;s  in
shadow entry lilnc  arc lnorc  important thal ilmculacics  in
shadow exit  t i m e  bccausc errors  in the for] ncr alr
propagatcxt  b y  t h e  )nodcl  lhroughou( t l~c ]nictt Iigh[
maneuver. in ccrn(rast,  error in the shadow cxi[ (iltlc will
affcc(  the post-shadow maneuver only. 1 iithcr  way, (hc
inaccuracy will be mailifcs(cd  Itmougb a cottfla]ll  cmu ill
the yaw angle, which can bc prulially compcl)sak’d  Il!ruugtl
the cstima[iol(  of the yaw ralc. ‘1’hc lcnglh  of [lIc. ]Jcaumbrd
region is USU:~l i y about 60 seconds. Somclinw durin~~  I his
pcrioct [he yaw bias begins m domiaate  the sigwd froll~  the
solar  scasor’.  CiYM9S puts that time ]nidway into the
penumbra. ‘1’hc maxin~um  timing error is, [hcwfhrc,  less
thaa 30 scmnds. A worsl-case scenario, i~,norill:t (I)c short
spin-up/down period and using a yaw m Or 0.13
rtcgrcdsccmld,  will g,ivc  rise to a coaslwit  yaw cnoi- (d’
30*0. 13 == 4 dcgrms  throughout the midnigll(  maneuver.
A more rrxilistic  Cstiriia(e is 3°, even before applyin~ yaw
ralc compcnsa(iol~j  af[c,r  which Ihc RMS CI 101 wit I rcltMit  (
lhc salac  bul [he mcwi is expected 10 vanisli,  Ano[hcr  en 01
source  is the Unccl-(ailll  y in lhc value of IItc maxi ml yaw
ralc rale, RR. ‘1’his  parameter is wcakl y o[ml vahlc ad
thcrcforc difficull to cslimalc.  ‘1 ‘I]c nominal val{lc  ft)l RR
that is used in GYM95  is 0.00165 dcgIccskcL~ for lllock
11A sa[cllitcs  and (),()018 for I]lock 11. ‘I”hc utlm (ailiiy i!]
those values should to be less than 30%. ‘1’IK l(mg-~crtn
effects of a yaw rate ra[c error can bc Cotnpu((>d f rt)la IJW
second parl of 1 ~orlnula  (7) to be:

Yf(l<l{) ~ [Y’j Sl(iN(l<,b) -0.5 ~’j2 - 0.5
Sl{;N(l<,b)2]/SIGN( lll<,l))

A worst-case scel)ario  assuming V’i = -Sl(;N(R,b)  :
0.13 and 30% error  in the yaw rate ra~c wmlld  g,ivc 1 isc to a
y a w  crmr of aboul So. ‘1’hcsc assulnptiolls  also inlply a
very shorl  shadow duration, guaraatecing lhal the error wi 11
])01 bc lmg-lasting.  l;or lrlllg shadow CVCNS Y’i = ‘ O ~d
IIIC rcsul(illg  yaw clmr is about 1‘. Again, this CIIOI call tn
partially offset by cslimatinp,  the yaw ralc.

‘ 1  ‘he I [lai[l emu souwc for the nrroa nlaacuver  i s  t h e

timing unccriaitlty  of tlm onset of the maneuver. ‘1’his
uncc’rlai Ilty is not C. XI YCICXI  to bc larger than two minutes.
A ti[nillg  elm of tvm tniliutes  will cause. a constant yaw
error of about  1 So, assulnill.g  a yaw rate of 0.13 dcg/scc.
‘1’hc  relatively slmri  duration of the noon maneuver
din}inislles  somewhat [he effects of such a large error.
llstimatla.g  the yaw ralc will dccrcasc  the error further.

“1’hc  yaw ratd, R, is Ilw kcy parameter in the model. Since
it is ti!!lc-i[ltegm[cd,  (t slnali error in R will cause a yaw
error  which is yowill~  in time.. IJor example, an error of
0.01 ‘/s{c, which is Iyl]ically less than 10% of the value of
R, will give rise to a 30” crmr in yaw at the cad of a 50-
minule  shadow cvcli(, ‘] ’hcreforc,  great care should be
cxcrcisc41  in cltmsia~  values for the yaw ralcs or,
altvrfm[ive.ly,  (IICY  SIIOUI(I  be  cs~ialated.  lktimatczl  y a w
ralcs fivailable  from .I1’1, (see below) are believed (0 h
accurrm to bc[lcr  ll)ao 0,002 ”/scc (1 cr) bawd on their
formal crmrs.

AlilIou@I  U(II ikcly,  errors from different sources cm
augmmt. in Ulat cast tlic maximal crfor  for each regime is
as follows: 2 for tlw nominal yaw regime, 9“ for the
n~idai@t  lllancuvcl  Icgirnc and I So fOr lhc noon maneuver
regime. ‘1 ‘ypical mm arc cxpcctcd m bc ICSS than half
these values.

OpcI ationa]  aslwu(s

(lmtiiluoas  cllangcs  in (}lc il~~plcl~~cl~laliol~ of the yaw bias
ill t 1 IL’ A(2S of (;1 ‘S satellites and occasional hardware
problems require ;ippropriate.  adjustmcltts  to the yaw
a([i[udc nlodcl. ‘1’lli< scctioli  reviews the changes ia the
( ii’S collslcllatiml  afkcling  the yaw atlitudc since the
inilial  ilill>lcli~cllttitic)ll  of the yaw bias oa JutIc 6, 1994.

Initially, tlIc ytiw bias was inscrlcd  into all G1’S
satellites cxccl)t  (Itosc  with a reaction wheel faihlrc (SVNS
14, 18 arid 20 al (I)c lime). SVN 10 does not allow for a
yaw bia$. (hl January 9, 1995, a rcaclioll  wheel failure on
SVN 16 forced tlw (;1’S opcramrs  to switch off its yaw
bias,  ‘1’hca,  WI Jwluary 31 the Air l;orcc agreed to extend
the ill~y)lcl~~cl\tati{)l  1 of (IIC yaw bias to the satclli(cs  with a
l-cac~ion whml fail(llc.  aa(t tile illlplclllclltatic)tl  was Canied
out H week lalcr.  (hwrclitly,  all 24 opcradoual  satcllilcs  am
yaw biased. ‘Mc ftm[- satdlitcs  with reaction wheel failure
cal t I tot yaw al t hc same I atc as a healthy satcrfiitc  and their
yaw rm is about ?3% smaller.

‘1 ‘hc yaw bias ca]) bc set positive or negative. 11 can tx
shown tlmt if (I)c sign of the yaw bias is opposi!c  that of
the beta angle, (tic SutI lcacquisition  time after shadow exit
is Inil[itnimd.  }Or this  r eason  Lhc 11S Air l~orce had
rou(iacly  switcllcd  the sign of the yaw bias in a satellite
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whcncvcr  (he bcla al~glc  crossed m] o, suclI ttlti[  1, =
Sl(iN(O.5, [j ). 1 )UC 1 0  opcratirmd  co[tslrai[l(s  it wa<
i]npossible  10 carry out this switch exaclly wIICII [1 = ()
and i( was acmlly  can icd out within 24 lmLlrs of d)c beta
angle sign change. ‘1’he  aclual  time of each bias  clla[igc Carl
bc ob(aincd froln [hc file

“pub/(ilT  - yaw. aUi(udc/yaw.  _bias_  fab]c” 011 I I(KIC
] 28.149.70.41. (Jncxldaincd anomalies ill Ltw CSIIIIIXNI

y:lw rams (See below) ihal were comlalcd wi~li  (II:, t}ias
si.gll switch  lcd u s  [o rrqucst  that ttlc A i r  10(CC stop
Swilchil)g  the bias sign, ‘1 ‘Iw request was gralltcd otI an
cxpcrimcnlal  basis and, gradually, from Sc[jtclabcl  1995 to
Novcmbcr  1995 dlc yaw bias cm all GI’S satc]li  [CS wa{ SC(
to +0.5° and i( mnaincd rrllchal@ cvel sirlcc. As a ICSUI(,
(he. :lbc)vc-ll~c(l~ic~[lcd  anomalies di&?pIwarcd, ~lmkilug the
y a w  rms ntuch nlorc  prcdictab]c  anti, cssclttially,
rcxnoving  the need [o cs[ima[c  thcm. ‘l”hc prcciw IIi,$lory of
(l\c yaw bias for cvcIy sa(cllitc  can bc foull(i ill tlw Iilc
“pub/GI’S.  yaw_ aui hdc/yaw_  bias- (able”,

‘1’hc estimated yaw IW!CS

AS part of the ill~I>lclrlL’ll(:ltioIl  of the <iYM  JiwdL’Is  at .IJ}]
the yaw r~(cs  of all ccl ipsing sa[clIilcs  arc Cstil]talcd  JtM
every midnigh(  mmmuvcr and every ncma IIMJlt~IIvcr.  III
J]’] ,’s CiIl)SY  software this is drmc by treating (Iw yaw M:
as a pieccwisc  constant parwncm for each salcll  itc. ‘“1’Iw
paralnctcr  value is allowed to chatlgc twice pa ~cvolut}ml,
mid-way bctwccxl  smon and midnight. 11>1 ]tmtil~cly
publishes ttlc final cs(ilaatcs  for lhc yaw ra(cs, ‘1’hcy  a!v
availab]c  as daily text ~llcs via anOJJyIILCNIS flp {0
128.149.70.41, dircc(oly  “pub/jpligsac”.  ll[lfo!  t(llla(c,ly,
duc to a software bug, tile  arcllivcd  yaw rates fm datrs  lM iol
to 1 ‘cbr’uary 16, 199S, were in error. J ‘~gurc 3 dc~lic(s  LIIC.
cstimaLc41  yaw rates for each Ccli])siag  sfilcll i tc, fo! c:lcl I
midnight maneuver atd for each noml ]nailcu VLV, f[oll I
1 ‘cbruary 16 to Apri I 7.6, 1 9 9 S .  ‘1’hc accurficy  of dw
cslimatcs  dcpcads on the alnount of dala :ivailat]lc  dul i(ly,
tact) mrncuvcr ald this, in turi},  is proporliolla) [0 lhc
duration of the lnancuvcr.  ‘l”hc longer the muwuvc[  tllc
bc(tcr  the cstilna[c.  ‘J’hc effect of a rwiuml  C,$lirtlatio[l
accmrcy  duriag shorl maneuvers is miligatcci  by lhc fact
that the resulting yaw mor  is also proporliollfil  10 tllc
duration of Ihc mancuvcl. l;or long maacuvcrs,  e.g.,
lnidniglll  lwmcuvcr  at the ~nidd[c of cclipsc  scasoll,  tl~e.
cstimrtcs  arc accurate to 0.0020/see, which leads to a
maximal yaw error of abcm 6“. A similal error Ic]’cI is
cxpcc[cd for short  m:mcuvcls. Noon maneuvers OCCUI m)ly
during the lniddlc part of tlIc cclipsc  scasoll.  In l:i~ul  G :3
they can bc dislinguisbcd  frotn mid[tight Inailcuvcj  rtitcs lpi
the larger’ formal errors associated wi(h them, since tlwy arc
typically short  events of 15 to 30 nlinu(cs  duralion, As a
rcsull, the scatlcr  of the noon maneuver Iatcs is Iar}{cr  Olait
that of the lnidlligllt  lnallcuvcr  rates. ‘1’ow.wd tlm edges of
the eclipse scasou  the quaIily of the yaw I-a[c cs(il[la(cs

drops, again bccauw {)(’ tllc short duration of die shaciow
even[i,

‘J’h(’ ~mst Striking  feature in l~igurc  3 is the,
discontinuity of the cstilna(cd  yaw rates in the middle, of
CC1il)sL’  season, m Icslwlding  to the beta ar)glc crossing
m O. ,No ldausiblc cxplat  Ia(ioa is currm[l y available for
(Ilis  julnp. SVN 29 ii (he ouly satellite UM dots not have
a IumI)  discofilifluity;  tliis is also the only satellite that
dmx ll~)t undct go a bitts s witc’11 in the middle of cclipsc
seasoli,  SVN 31 is dIc only satcilitc  with a jump from
hij:h  yaw I:itcs [o low yaw rams as the beta aaglc
traltsiliom  frml) posi[ivc  the I)cgativc.  ‘1’hc ratio of the
hi~h yiwv mc val ucs M the  low yaw mtc values is abou~
1.3 fo[ :ill satcllilcs.  W’i(hill  each half of the cclipsc  scmoa
lhc. nlidlligl~t  yaw ~a(c. arc fairly conslaut,  varying by 10%
O r  ]CSS. ‘! ’!Iis  bciiavior  was fould to bc 1 t)O% collclatcd
wi(tl tlic cvul~t of the yaw bias sign switch, taking plac~
aroun(i  the tinlc  [ho beta atlglc c r o s s e s  z,cro. After
Novclntxx 1995, w’}wlt  (}]c yaw bias was set pcrlnancntly
10 + 0.5”, no disco) ~littuitics  wctc observed.

A taidc  c.ontail)ing  :t-primi  yaw ra(c vaiucs  for each
sa(cititc  is avaiiai)k  oft in[mtc[  Nwic 128.149.70.41,
dircctorj  “ptlb/(il  ‘S. y:i}~’.  attit  udc/noltlinal-  yaw- ra(c,s”. 1 ~or
lnidiligit(  limlcuvcrs  takil~}: piacc af(cr November 1995,
these rati.s m r beiicvcd 10 bc accm:i(c  to 0.005 °/scc (1 0).
‘1’his  should bc accurate c]mf:h for most users, ciirninating
tllc ]tced LO cstirnatc  (ilc yaw rates, J Mimatcci  yaw ratm for
c;icli  sa(cll i tc ard for eacli lnidl~ig}ji  maacLlvcr and noon
]nancuvcJ arc aiso flc~iy available from J 1)1, with about a
week dcl; (y. ‘J’hcy car! lW 1 ‘l’[)cd from the relevant sLlb-
dircck)lics  of “f>ut]/iJllig  s;tc”. ‘1’hcsr yaw rates arc bciicvc~i
to bc accurate (o 0.[)02c’/wc  (1 CJ).

‘1’hc IKX)II  ]nar]cuvcr  yaw ra{cs seem tc) bc more variabk
tll:lll  Iilc tnicitlight  rtuuuw ra(cs.  ‘1’l]is i s  not oaiy a
consequmtcc  ol the weak observability but also of the facl
that tile sILicccrHfl  is sut)jcct  to a varying lCVCI of external
torque du! ing Ihc 110011 lnallcu~wr  as tbc cclipsc  seasons
progrmses.  Ncvcrtlwlcss,  J}’] ~ wiil  contiuuc  to estimate the
yaw 1 titcs for every 111 i(irliglit  ltlaacuvcr  an(i for every
stlado~! ]n;lncuvcr i[l ordci 10 mai[ltaili  the highest accuracy
ald in order to moliitor IIIC systctn.

‘1’hc  m(dclii)g  of IIIC post-shadow maacuvcr is a
prohletn fo~ wilicii  a satisfactory solLllioll  has no~ yet bcxm
foun(i.  ‘1’hc souice of tiw pmb]cm  is the prcscncc of the
post-slmdow  rcp,ilnc wl~ich  Inakcs LIIC cslima~ioa  of  the
yaw rate it l~o a noaiill~ir  problcln.  “1 “here is always a
c1 itical vaiuc  of the. yaw I ale such IM for higllcr vaiucs
ttw sp;lcmraft  will rcvcrsr  its yaw upon shadow exit and for
lower WIIUCS tiw spacccraf[ wi II f ctain its yaw rate uatil  the
CIK1 of tlm nlidl~igt~(  ]nalmrvcr.  If this critical value falls in
tbc rrrngc Of fcasi[llc. y&w I {\[cs  - which it Of(ctl d~s - it
bccolncs  Vcl y difficllit  10 Cic~cH1lilJc  llIC kind Qf lll,?JElllu?f..
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talciag  place uFOI\ shadow exit. ‘1’0 avoid tltis Ixh(-slm(low
ambiguily  wc IIave bcml rejecting mcasurcmnt  dM II(HII
shadow cxi[ ull~ii  about 30 minutes thcrcaflcr.

ttCkrLa!L)/CC/gJ)iC)t/.S. ‘1’he Iwl[j a n d  c o o p e r a t i o n  o f  IIIC  1 1 S  Alr IIW w

Second Space [)lk?ralions  Squa{irm  (2 S01’S) at I ‘alcmt A}’}] (Ilrwgttout

tbk p r o j e c t  was essential  10 ILS saccess  and is gr,a{(y  a]q,rccit~cd,

l“ballks are also ctLlc to tk IGS processia~ teaul at JPI for I}wrr  l)cl~,  in

producing smile  of Lbc results  reported  I!ere. ~he work rfesc[ibirt  in Illi<

p a p e r  was c a r r i e d  out ill }M[ by (I]c  Jet l’lop(ll,~io.v  1 a~,otat(l[y.

COiifOraia lmslilu(,  o f  ‘1’cclIIIology, under  coatfac~  wi~ll tlw Naiit,],al

Acro!jiru[ics  nw.1 S}mcc  Ad[!!i!iistratioo.
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